previous paper, we have reported the rotifer impact on the ciliates (Weisse and Frahm, 2001) . In this study, we present results from laboratory experiments demonstrating species-specific effects of the ciliates on the rotifers.
M E T H O D Study organisms
Three different strains of the prostome ciliate Urotricha furcata were isolated from the pelagic region of Lake Constance (southern Germany) by H. Müller (L. C.), Lake Schöhsee (northern Germany) by K. Jürgens (MaxPlanck-Institute for Limnology Plön; L. Sch.) and Lake Mondsee (Austria) by G. Pfister (Institute for Limnology Mondsee; L. M.); Urotricha farcta was isolated from the littoral region of Lake Schöhsee by one of us (T. W.). All ciliate isolates used range in length from ~10 to 25 µm [summarized by (Foissner et al., 1999) ]. The volume of these ciliates is highly variable, depending on the particular isolate and temperature (Weisse and Montagnes, 1998; Montagnes and Weisse, 2000) , and their nutritional status (our unpublished observations). We converted the ciliate biovolume to carbon assuming a conversion factor of 110 fg C µm -3 for live cells (Turley et al., 1986) and shrinkage factors due to Lugol's fixation according to Müller and Geller (Müller and Geller, 1993) . All isolates have been kept in our laboratory as non-clonal cultures in Erlenmeyer bottles of 50-500 ml volume on a diet of several small cryptophyte species for >2 years. All ciliate strains were isolated during spring or early summer when surface water temperatures ranged between 7 and 17°C. The ciliates were kept in the laboratory at 16 ± 1°C and on a 12:12 h light:dark (L:D) cycle.
We isolated the rotifers K. cochlearis f. typica and K. quadrata repeatedly from mesotrophic Lake Schöhsee and eutrophic Lake Plußsee in the vicinity of the laboratory in spring and summer, 1996. Stock rotifer cultures were kept in Erlenmeyer bottles or volumetric flasks with the same algal species under identical light (30-40 µmol photons m -2 s -1 , L:D 12:12 h) and temperature (16°C) conditions as the ciliates. With its body length ranging from 90 to 140 µm, K. cochlearis is smaller than K. quadrata (180-220 µm) .
Growth experiments were conducted with non-axenic, exponentially growing cultures of the cryptophytes Cryptomonas sp. strain no. 26.80 obtained by the Culture Collection of Algae in Göttingen, Germany, and another unidentified Cryptomonas sp. isolated from Lake Constance by A. Giani (Limnological Institute, Konstanz). For clarity, the latter, unidentified species will be referred to as Cryptomonas 'A' in the following. Both species are similar in size with an average biovolume of 270-290 µm 3 (Weisse and Kirchhoff, 1997) . For conversion to carbon units, we assumed an average algal volume of 285 µm 3 and the carbon to volume equation given by Strathmann (Strathmann, 1967) . Algal cultures were grown in modified WC medium (Guillard and Lorenzen, 1972 
Experimental design
All experiments were run in sterilized 6-well (10 ml volume) tissue culture plates. The experimental volume in each well was 8 ml. The ciliates and rotifers were taken from their respective stock cultures and adapted to the experimental food and temperature conditions for at least 48 h prior to the beginning of the experiments. Bacterial contamination was examined periodically using epifluorescence microscopy and 4Ј,6-diamidino-2-phenylindole staining (Porter and Feig, 1980) . Bacteria were not considered in growth experiments because the bacterial biovolume was small (<0.2) relative to that of algae, and all ciliate and rotifer species used do not feed upon bacteria when cryptophytes are present (author's unpublished observations). Rotifers were transferred individually by pipette to the tissue plates. We used females with and without eggs as inoculum. While the percentage of eggcarrying females varied from experiment to experiment, care was taken to use an identical fraction in each replicate and parallel experiment. Algal abundance in each container was measured repeatedly by means of an electronic particle counter (CASY 1-Model TTC, Schärfe System) during the acclimation period and adjusted to the experimental concentration by adding algae from stock cultures or diluting with WC medium. This semicontinuous culture technique kept the algal concentrations relatively constant during the experiments. Growth of algae occurred in the experimental containers and probably damped the effect of ciliate and rotifer grazing (Stemberger and Gilbert, 1985a) . Ciliates were usually counted from 1 ml subsamples fixed with neutral Lugol's solution using settling chambers and inverted microscopy at ϫ250 magnification.
Routine experiments were conducted as pairwise treatments, each experiment performed in triplicate. Three tissue wells received one ciliate species (Urotricha spp.) plus algae; a second set of three wells received one rotifer species (K. cochlearis or K. quadrata) plus the same amount of algae; and a third set contained both the respective ciliate and rotifer species plus algae. The initial density of rotifers was 2 individuals (ind.) ml -1 , while initial ciliate concentrations were ~100 cells ml -1 . The algal concentrations were measured daily during the experiments in 200 µl subsamples with the electronic particle counter. Between 4 and 6 ml of each well were transferred each day to fresh algal suspensions in new wells. The volume in the new containers was filled up to 8 ml and re-adjusted to the initial experimental algal concentration. Results reported are corrected for this dilution effect. Rotifers were enumerated during transfer via pipette. Dead rotifers were counted separately. Ciliates were enumerated in subsamples from the remaining 2-4 ml of the old wells that were used during the previous day. Ciliate growth rates in experiments with and without rotifers have been presented elsewhere (Weisse and Frahm, 2001 ). All routine experiments were conducted under dim light (12 µmol photons m -2 s -1 , L:D 12:12 h) at 12.5 ± 1°C and lasted for 5-8 days. Our experimental design was similar to that used by Stemberger and Gilbert (Stemberger and Gilbert, 1985a,b) .
To investigate whether the adverse effects we observed between U. furcata and K. quadrata in the course of this investigation were specific for this strain, we repeated the experiments described above with the same U. furcata isolate from Lake Constance (L. C.) and the other U. furcata isolates from Lakes Schöhsee (L. Sch.) and Mondsee (L. M.). We also included one treatment with U. farcta and K. quadrata. To reduce surface tension and prevent rotifers from getting caught in the surface film (Desmarais, 1997; Stelzer, 1998) , we placed one or two small flakes of cetyl alcohol on the surface of each well. This experiment was run in triplicate for each ciliate isolate at a Cryptomonas sp. concentration of 30 000 cells ml -1 and lasted for 5 days. The initial ciliate density ranged from 75 to 100 cells ml -1 .
Calculation of growth rates
Population growth rates (r) of the rotifers were calculated assuming exponential growth, according to:
where N t and N 0 are final and initial population sizes, respectively, and t is time in days. Population growth rates were calculated from least squares linear regressions of ln-transformed population sizes versus experimental time.
Statistical analyses
Least squares linear regressions were calculated for the pooled data from each experiment in triplicate. The regression equations of ln-transformed rotifer numbers versus time were tested for significant differences between treatments using a multiple linear regression model and the software package STATISTICA (version 5.1). The regression equation in controls was calculated as:
where ␤ 0 represents the y-intercept and ␤ 1 the slope of the regression. The regression equation in the experimental bottles was formulated as:
The regression equations differ with respect to their slope and y-intercept if ␤ 2 and ␤ 3 are significantly different from zero. We tested the null hypothesis (H 0 : ␤ 2 = 0 = ␤ 3 ) against the alternative hypothesis (H A :
Mean values of live and dead rotifers at the end of the experiments were tested for significant differences between experimental treatments with and without ciliates. One-way analysis of variance (ANOVA) and Student's t-test were used in cases where the data were normally distributed with the variances being equal. If the data deviated from the normal distribution, the nonparametric analogous tests were used. The effect of time and species on rotifer mortality rates was tested using a two-way ANOVA.
R E S U LT S Effects of U. furcata on K. cochlearis
Keratella cochlearis grew exponentially in the tissue culture plates over several days. Their growth rates were enhanced by the presence of U. furcata (Figure 1 ). The slope of the regression line between treatments with and without ciliates was significantly different at the lower algal concentration (P = 0.036), while this difference was insignificant (P = 0.14) when Cryptomonas density was high. In a third experiment with 30 000 Cryptomonas sp. cells ml -1 , growth rates of K. cochlearis were 0.181 day -1 with, and 0.117 day -1 without, U. furcata (data not shown). With a probability of error of 6% (Type I error), this difference was close to being significant. The positive impact of U. furcata on K. cochlearis was further indicated by significantly (pairwise t-test, P = 0.018, n = 9) lower rotifer mortality rates in the experiments in which the ciliates were present (Table I) .
Ciliate impact on K. quadrata
The other rotifer species, K. quadrata, was negatively affected by U. furcata. Population growth rates of K. quadrata were significantly reduced (pairwise t-test, P < 0.05) in the presence of U. furcata at both high and moderate algal concentrations (Table II) . This effect was due to significantly enhanced rotifer mortality in the containers with ciliates present. Mortality rates of K. quadrata increased over the course of the experiments. After 1 day, on average <2% of all rotifers were dead in treatments with and without ciliates. Five to six days after the beginning of the experiments, up to 74% of all rotifers were
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dead in the containers with ciliates ( Figure 2 ). Highest mortality rates of K. quadrata were obtained in the experiments with Cryptomonas 'A' as food (at 30 000 cells ml -1 ) and at the lowest concentration of Cryptomonas sp. strain 26.80 (10 000 cells ml -1 ). The rotifer mortality rates were constant at Cryptomonas sp. strain 26.80 concentrations ranging from 30 000 to 100 000 cells ml -1 . Except for the first experiment, in which the mortality was low (5.7%) in one of the three replicates and the standard deviation of the mean, therefore, large, the presence of U. furcata highly significantly (t-test, P < 0.01) increased the mortality of K. quadrata.
We investigated whether this adverse effect on K. quadrata was specific for the U. furcata isolate from Lake JOURNAL OF PLANKTON RESEARCH VOLUME  NUMBER  PAGES -   Fig. 1 . Population dynamics of K. cochlearis without (left) and with (right) U. furcata. Algal food concentration was 100 000 Cryptomonas sp. ml -1 (top panels) and 30 000 Cryptomonas sp. ml -1 (bottom panels), respectively. The population growth rate (r) is equivalent to the slope of the least squares linear regression lines (solid lines) and is given in each panel, together with the coefficient of determination of the respective regression. The dashed lines indicate the 95% confidence interval of the regressions.
Constance (U. furcata L. C.) that we had used in all previous experiments. We found reduced population growth rates of K. quadrata both in the presence of the two other isolates of the same ciliate species, U. furcata, and when the closely related U. farcta was present (Figure 3 ). The reduction was least significant (P = 0.087) with the isolate from Lake Constance (U. furcata L. C.) and highly significant (P < 0.001) with the isolate from Lake Schöhsee (U. furcata L. Sch.; Table III ). The treatments with U. farcta were significantly different from all three U. furcata isolates.
Similar to the previous experiments with U. furcata (L. C.), the reduction seemed to be primarily caused by Figure 3 . The regression coefficients were tested for significant differences. The asterisks denote the level of significance: (*)P < 0.1; *P < 0.05; **P < 0.01; ***P < 0.001. n.s., not significant. enhanced mortality rates of K. quadrata in the experimental containers with Urotricha spp. relative to the controls without ciliates (Figure 4) . In contrast to the previous experiments, mortality rates did not increase significantly in the course of the experiments (two-way ANOVA, P = 0.115). Compared to the controls, mortality rates of K. quadrata were significantly higher in the treatments with U. furcata L. Sch. (one-way repeated measures ANOVA, Tukey test, P = 0.004) and if all three U. furcata isolates were combined (Kruskal-Wallis one-way ANOVA on ranks, P = 0.01). The combined U. furcata isolates were not significantly different from U. farcta (P = 0.096), nor was the mortality of K. quadrata paired with U. farcta significantly higher than in the controls without ciliates (P = 0.076).
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D I S C U S S I O N
We investigated the mutual direct and indirect feeding relationships between common planktonic ciliate and rotifer species. In an earlier paper, we reported speciesspecific effects of the rotifers K. cochlearis and K. quadrata on the prostome ciliates U. furcata and Balanion planctonicum (Weisse and Frahm, 2001 ). In the present study, we focused on the potential ciliate impact on the rotifers. The experimental design used in this study was similar to the approach taken by Stemberger and Gilbert, who investigated growth rates of common planktonic rotifer species in tissue culture plates with 8 ml wells (Stemberger and Gilbert, 1985a,b) . Like in the present study, rotifers were counted and transferred each day to keep algal food levels relatively constant, and to minimize experimental artifacts that may result from crowding, such as, for example, the enrichment of metabolic waste products. Even smaller experimental volumes and daily transfer of the rotifers have been used by Walz to study the population dynamics of K. cochlearis (Walz, 1983) . We found that in most containers, even without ciliates, some rotifers died after the first 2 days, and mortality tended to increase towards the end of the experimental period. We therefore assume that both Keratella species are sensitive to the repeated transferring by pipette. The mortality was probably caused to some extent by surface tension capture, to which both rotifer species and K. quadrata, in particular, are sensitive. We used cetyl alcohol in the additional experiments (Figures 3 and 4) to minimize this effect (Desmarais, 1997; Stelzer, 1998) . The majority of the dead or dying rotifers were, however, also in the routine experiments (Figures 1 and 2) , found at the bottom of the experimental containers. The high specific growth rates we obtained, up to 0.25 day -1 in K. cochlearis and 0.22 day -1 in K. quadrata, are close to maximum growth rates (r max ) reported in the literature for the respective species (Stemberger and Gilbert, 1985a,b; Walz, 1995) . In additional experiments not shown in this paper, we measured r max values of 0.49 day -1 for K. quadrata at a food concentration of 27 700 Cryptomonas 'A' cells ml -1 (A. Frahm, unpublished results). Our experimental approach therefore seems adequate to measure rotifer growth rates over several days.
Note that rotifer growth rates reported in the different experiments are not directly comparable because (1) we used varying algal concentrations and two different algal species, (2) we conducted the experiments with different isolates of Keratella spp. and (3) the percentage of eggcarrying females varied from experiment to experiment. Clonal differences and varying egg ratios may thus have affected the observed population growth rates of the rotifers.
With one exception (Experiment 5; Figure 2 ), all experiments were run at high food concentrations, and ciliate and rotifer grazing reduced algal concentrations by <30% of their initial values. We can, therefore, rule out the possibility that the negative effect of Urotricha spp. on K. quadrata was due to the ciliates decreasing algal densities below the threshold values of this rotifer species. The combined Cryptomonas abundance of 3-10 ϫ 10 4 cells ml -1 and the ciliate level of 10 2 cells ml -1 was equivalent to a total carbon concentration of~1.4-4.6 mg C l -1 , which is close to or above the 'incipient limiting level' [ILL (Rigler, 1961) ] of K. cochlearis and other small rotifers (Walz, 1993 (Walz, , 1995 .
Ciliate impact on rotifers: species-specific, direct and indirect effects
The impact of Urotricha spp. on Keratella spp. was species specific. Additional short-term (26-33 h) experiments conducted at low algal and high ciliate and rotifer levels in parallel to this study revealed that the smaller rotifer species, K. cochlearis, preys upon U. furcata (Weisse and Frahm, 2001) . It is in accordance with these results that growth rates of K. cochlearis in the present study were significantly enhanced at moderate algal food concentrations, while ciliates had no effect when the Cryptomonas density was high (Figure 1) . The positive effect of U. furcata on K. cochlearis was further supported by significantly reduced rotifer mortality rates in the containers with ciliates (Table I) .
The larger rotifer species, K. quadrata, also feeds upon U. furcata (Weisse and Frahm, 2001) . In contrast to the smaller rotifer species, K. quadrata suffered from enhanced mortality in the presence of U. furcata (Figures 2 and 4) . The ciliate-induced mortality reduced the rotifer population growth rates (Table II) . This effect was the most surprising and interesting indirect interaction between ciliates and rotifers recorded in our study, and may explain why K. quadrata feeding on Urotricha was much lower than T. WEISSE AND A. FRAHM SPECIES-SPECIFIC INTERACTIONS BETWEEN UROTRICHA AND KERATELLA on the closely related and similar sized Balanion (Weisse and Frahm, 2001) . We observed that numbers of K. quadrata increased in the containers with U. furcata. Some of the freshly hatched rotifers died, however, within the next 24 h. The additional experiments with the two other isolates of U. furcata and the sympatric species U. farcta (Figure 4) revealed that all four small Urotricha strains increased the mortality and, therefore, reduced the growth rate of K. quadrata. It is remarkable that two of the three U. furcata isolates (L. C. and L. M.) reduced the rotifer growth rates moderately, while the impact on rotifer growth of the U. furcata isolate from Lake Schöhsee was much stronger. While these findings need to be confirmed by further experiments, they seem to support recent results of marked intraspecific ecological differences obtained for the same ciliate isolates (Weisse and Montagnes, 1998; Montagnes and Weisse, 2000) .
Although we have no direct evidence, we suppose that the adverse effect on K. quadrata was chemically mediated since the ciliates do not feed upon rotifers, and mechanical interference is highly unlikely. Predator-released substances that induce defence reactions in their prey (kairomones) are known from an increasing number of ciliates in several genera (Gilbert, 1999; Kuhlmann et al., 1999) . At least two freshwater ciliates, including the prostomatid species Coleps octospinus, may have chemical defences against invertebrate predators ( Jack and Gilbert, 1997) . A rich variety of rotifer behaviours are regulated by chemical signals, although the chemical nature of these stimuli is currently unknown (Snell, 1998) . Recently, Adrian et al. (Adrian et al., 2001) observed that small prostome ciliates were less vulnerable to metazoan grazing in enclosure experiments than were oligotrichs. These authors speculate that 'Urotricha sp. and other prostomes may have a chemical defense which makes them less susceptible to predation' [ (Adrian et al., 2001), p. 94] . It remains to be investigated whether the ciliates release antibiotic (allelopathic) substances that may kill K. quadrata. This effect is difficult to demonstrate directly because it is impossible to rear ciliates without food. It is possible that the ciliate activity affects the surface tension, which may indirectly increase the mortality of the rotifers. The fact that only a minority of the dead rotifers were caught by the surface film suggests, however, that this potential artifact was of minor importance. Similarly, we cannot rule out that bacteria, which were present in our experiments in unknown taxonomic composition and physiological state, were responsible for the observed adverse effects. Whatever mechanism it is, it must be highly specific because only the larger of the two Keratella species was inversely affected by U. furcata.
There is indirect evidence that the adverse effects of small Urotricha on K. quadrata reported in this study may be ecologically relevant. In the highly eutrophic Danish Lake Søbygård, Jürgens et al. measured concentrations of small Urotricha spp. of up to 300 cells ml -1 ( Jürgens et al., 1999) . In mesocosm experiments conducted in this lake, U. furcata/farcta combined reached peak concentrations of 1400 cells ml -1 when the abundance of metazoan predators was reduced ( Jürgens et al., 1999) . In contrast to the other dominant ciliate taxa (Halteria, Rimostrombidium), the abundance of Urotricha was unaffected by mesozooplankton. In enclosures with mesozooplankton present, the population of K. quadrata collapsed from 2420 ind. l -1 to zero levels within 4 days. Food limitation was apparently not responsible for this collapse, since food concentrations remained high (>30 µg Chl a l -1 ) throughout the experiment. Jürgens et al. inferred that predation by predatory rotifers (Asplanchna spp.) and the copepod Cyclops vicinus was the primary cause for the disappearance of the small rotifers ( Jürgens et al., 1999) . However, the abundance of Asplanchna spp. declined in the course of this experiment, and the abundance of C. vicinus appeared too low (6-13 ind. l -1 ) to reduce the population size of Keratella drastically. It is also noteworthy that populations of other small rotifers, such as Filinia longiseta, decreased much less or even increased (Synchaeta spp.) when K. quadrata collapsed. Obviously, the scenario reported by Jürgens et al. ( Jürgens et al., 1999) for comparable ciliate and rotifer levels to those we used matches the conclusions derived from our study: (1) K. quadrata declined drastically in the presence of high cell numbers of U. furcata/farcta; and (2) Urotricha was less vulnerable to zooplankton predation than were other co-existing ciliates. The Danish Lake Søbygård is not a unique case. Small ciliates and rotifers often co-occur in high numbers in eutrophic lakes (Sommaruga, 1995; Jürgens et al., 1999) . We therefore conclude that, among Urotricha and other small ciliates, there is the potential for the development of a chemical defence mechanism against co-occurring rotifers.
To summarize, our study demonstrated that variable and mutual interactions may exist between common planktonic ciliate and rotifer species. The variation in abundance and seasonal succession of Keratella spp. and the prostomatid ciliates across lakes are generally determined by their respective relationships to temperature, algal food supply, and larger predators such as Daphnia and copepods. The mutual species-specific interactions that we have described in this and an earlier paper (Weisse and Frahm, 2001) contribute to the niche partitioning within closely related and competing ciliate and rotifer species (Weisse et al., submitted) . It needs to be verified whether chemical interference is involved in ciliate-rotifer interactions, and if such interactions are ecologically relevant. We suggest that future studies consider indirect interactions between protozoa and metazoa in addition to direct feeding relationships.
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